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Abstract 

 

A quartz crystal microbalance (QCM) catcher setup for sputter yield measurements is 

described. In this setup a QCM is placed next to the sputter target and acts as a catcher for 

sputtered material.  The sputter yield evaluation relies on assumptions about the angular 

distribution of sputtered particles and reflected primary projectiles taken from simulations 

as well as on the knowledge of the sticking coefficient. To test this new setup a second QCM 

with a Au layer was used as a sputter target. The measured ratio between target and 

catcher signal is well reproduced in the simulations demonstrating the feasibility of 

reconstructing the sputtering yield from the catcher signal. 
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1. Introduction 

 

Sputtering due to ion impact is still one of the most important topics of ion-surface 

interaction [1] with a wide variety of practical applications, like thin-layer deposition, 

surface etching or surface analytic techniques. It also plays a major role in erosion of wall 

material in nuclear fusion devices [2] or in space weathering effects observed on lunar or 

planetary surfaces by solar wind ion impact [3, 4]. A quartz crystal microbalance (QCM) is a 

common tool to measure mass changes due to ion bombardment.  The availability of highly 

sensitive QCMs offers the unique opportunity to study ion-surface interaction processes in 

situ and in real time. 

At TU Wien sputtering experiments have been performed during the past years by ion 

bombardment of a thin layer of target material directly deposited on a QCM [5-8]. However, 

thin layer targets impose a severe restriction on possible experiments, as some target 

materials cannot easily be deployed in such a form. In particular, composite targets might 

change their stoichiometry when deposited as a thin layer by evaporation or sputter 

deposition. Additionally, since the quartz’s resonance frequency is strongly temperature 

dependent, investigations of a possible temperature variation of the sputtering yield 

become challenging, but would be of great interest, e.g., for wall materials of nuclear fusion 

devices. 

In order to overcome the limitations of such thin layer targets and to open the possibility of 

using any solid material or even liquids as a sputter target, a new setup was designed, in 

which the QCM acts as a catcher for sputtered material.  

The new setup is introduced in section 2. Since only a fraction of the sputtered material is 

collected by and sticks to the catcher-QCM, the evaluation of the sputtering yield has to rely 

on assumptions about the angular distribution of sputtered particles, the fraction and 

angular distribution of reflected primary projectiles as well as on the knowledge of the 

sticking coefficient. Our data evaluation is therefore based on input from sputter 

simulations using the code SDTrimSP [9] as also described in section 2.  

In order to confirm the validity of our approach we have used a second QCM with a thin Au 

layer as a sputter target. We are therefore able to compare the sputtering yields measured 

with the target-QCM to the one derived from the signal of the catcher-QCM using the input 
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from the SDTrimSP simulations. Section 3 presents the results of these proof of principle 

measurements and demonstrates the feasibility of our catcher-QCM method.  

 

2. Experimental Method and Data Evaluation 

 

The schematics of the catcher-QCM setup is shown in figure 1. A sputter target is hit under 

the angle α  with respect to the surface normal by a mass selected ion beam (red arrow 

from the right). The two shaded areas indicate the angular distribution of the sputtered 

target particles (blue) and reflected projectiles (red), respectively. At a distance d  a QCM is 

positioned parallel to the ion beam direction, which acts as a catcher for the sputtered 

material (“catcher-QCM”). The distance between the center of the catcher-QCM (selected 

to be the x-coordinate origin) and the central strike point of the ion beam on the target is 

defined as x∆ .  

 

 
 

Figure 1 (1 column width, color online only): Schematics of the experimental setup. A sputter 

target (which in our case is a 450 nm Au film on top of one of the gold electrodes of a second 

QCM, the so called target-QCM) is hit under the angle α  by the ion beam (red arrow). The 

shaded areas indicate the angular distribution of the sputtered target particles (blue) and 

reflected projectiles (red), respectively.  A QCM placed at a distance d  from the target 

parallel to the ion beam direction (with displacement x∆ ) acts as a catcher for the sputtered 

material (catcher-QCM).  
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For the catcher-QCM a plano-convex, stress compensated cut quartz crystal from KVG 

Quartz Crystal Technology GmbH, Germany is used. This quartz crystal is operated in a 

driven thickness shear mode at a resonance frequency of about 6 MHz using a highly 

sophisticated QCM electronics developed at the TU Wien. A detailed description of the used 

QCM electronics and the QCM technique can be found elsewhere [5, 6].   

To test the catcher-QCM configuration a second QCM (target-QCM) with a 450 nm thick Au 

layer is used instead of a regular target. The Au layer was deposited onto one of the gold 

electrodes of the quartz crystal (KVG) using a vapor deposition technique. The target-QCM is 

irradiated by a mass selected Ar+ ion beam of 2 keV kinetic energy, produced in a 14.5 GHz 

all permanent magnet ECR ion source [10]. This configuration with two QCMs allows us to 

obtain the mass change at the target and at the catcher simultaneously and thus to 

compare the amount of material sputtered from the target to the amount of material 

collected by the catcher. 

As an example, figure 2 shows the measured resonance frequencies of both QCMs during 

ion beam irradiation. The measurement starts with a period where the ion beam is 

interrupted by a shutter to check the frequency drift of the quartz crystals. This is followed 

by an irradiation period where the ion beam hits the target layer of the target-QCM. During 

this period, the target-QCM shows an increase of its resonance frequency due to the mass 

loss from ion-sputtering, while the catcher-QCM shows a decrease of its resonance 

frequency due to the mass increase from collected sputtered material. 
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Figure 2 (2 column width, color online only):  Typical frequency response of the target-QCM 

and the catcher-QCM to irradiation of a Au layer by 2 keV Ar+ ions. The geometric parameters 

of this measurement are 60α = ° , 23 mmd = , 3 mmx∆ = . The measurement starts with a 

beam-off period (shaded areas) to check the frequency drift of the QCMs (typ. below 2 

mHz/min). During the beam-on periods, the target-QCM is irradiated with the ion beam and 

shows an increase of the resonance frequency due to sputtering (mass decrease), while the 

catcher-QCM shows a decrease of the resonance frequency due to collected particles (mass 

increase). 

 

To achieve a uniform irradiation and thereby a uniform thickness change of the target the 

ion beam is scanned over the quartz crystal´s active area using a pair of deflection plates 

(for details see ref. [5, 6]).  In order to determine the total number of incoming ions the 

scanned ion beam is controlled with a set of multiple apertures (∅ 2, 3, 4, 7 mm) that can 

be moved into the beam´s path, directly in front of the target layer. The ion current is then 

measured using a Faraday cup at the target´s position.  

Since the thickness change of the deposited layer is uniform and the layer is very thin 

compared to the quartz crystal, the Sauerbrey equation can be used. It describes the 

relation between the relative change of the resonance frequency /f f∆ , thickness /d d∆

and mass /m m∆  of the quartz crystal  [11]  

 f d m
f d m
∆ ∆ ∆

= − = −   (1.1) 
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For the target-QCM with the Au layer the sputtering yield tarY  can be evaluated 

straightforward  using the following relation [5]  

 0 1[atoms/ion] Q Q
tar

t t Q n

le qy fY
m m f m t j

ρ ∆
= = ⋅ ⋅ ⋅

∆
  (1.2) 

With y  being the sputtering yield in amu/ion, tm  the target particle mass in amu, 0e  the 

electron charge, q  the projectile charge state, Qρ  the mass density of the quartz, Ql  the 

thickness of the quartz, Qf  the resonance frequency of the quartz, nm  the atomic mass 

unit, /f t∆ ∆  the frequency change per time (slope in figure 2) and the ion current density j  

(for more details see [5]). 

 

Evaluation of the sputtering yield from the catcher-QCM signal is less straightforward. The 

frequency change of the catcher-QCM is more than a factor of 10 smaller than the 

frequency change of the target-QCM, indicating incomplete collection of the sputtered 

material. Two main effects contribute to the catcher-QCM signal. Firstly, only a certain 

fraction of the atoms sputtered from the target will hit the catcher-QCM and stick to its 

surface ( ,c spY ). Secondly some of the projectile ions will be reflected from the target surface 

and lead to erosion of the catcher surface ( ,c rY  ). Both processes are schematically indicated 

in figure 1. The erosion of the catcher surface due to sputtered particles will be neglected 

due to their comparably low kinetic energy. The measured mass change (yield cY ) at the 

catcher-QCM is thus the difference of the mass increase due to collected sputtered particles 

and the mass decrease due to erosion caused by reflected projectiles:  

 , ,c c sp c rY Y Y= −   (1.3) 

The yield of collected atoms ,c spY  is proportional to the sputtering yield of the target tarY , the 

sticking coefficient stC  (probability that sputtered material reaching the catcher surface 

sticks there) and a parameter spg outlined further below:  

 ,c sp st sp tarY C g Y= ⋅ ⋅   (1.4) 

 

The parameter spg  comprises the quartz crystal´s local sensitivity to a mass change ( , )c cs x y

, the spatial distribution of the sputtered material ( )spf Ω  (with Ω  being the solid angle), the 
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projectile ion current density profile ( , )t tj x y  on the target and the relative position of the 

catcher and the target characterized by the parameters α  , x∆ , and d  (see figure 1).  In 

order to derive the parameter spg , we first consider a point shaped ion beam hitting the 

target and creating a spatial distribution ( )spf Ω  of sputtered atoms with 

 
2

( ) 1spf
π

Ω =∫   (1.5) 

The number of atoms hitting the catcher is then given by the integration of tar spY f⋅  over all 

angles that represent directions intersecting with the catcher quartz surface. To determine 

the contribution of the integrand to the measured signal spf  has to be weighted with the 

non-uniform quartz´s sensitivity ( ( ), ( ))c cs x yΩ Ω  to a get the actual frequency change (for 

more details about the quartz´s sensitivity see [11-13]). Here cx  and cy  are the local 

coordinates in the plane of the catcher surface dependent on the polar angle θ  and the 

azimuthal angleφ . The position and orientation of the surface result from the catcher´s 

position and therefore, all the necessary information is included in cx  and cy . The limited 

size of the quartz´s active area is described by a Gaussian-like sensitivity ( ( ), ( ))c cs x yΩ Ω  

which has its maximum in the center and is close to zero at the edges of the catcher quartz. 

Therefore, the integration can be performed over all angles.  

In a second step a finite-size projectile ion beam is now considered, where the sputtered 

atoms do not originate from a point, but from an area around the impact point 

characterized by the current density profile ( , )t tj x y  with 

 ( , )t tA
j x y dA I=∫   (1.6) 

Here tx  and ty are the coordinates at the target surface and I  represents the total ion 

current hitting the target. The spatial distribution of sputtered particles for an expanded ion 

beam can then be written as   

 
1 ( , ) ( , , ) t t sp t tA

j x y f x y dA
I

⋅ Ω∫   (1.7) 

with ( , , )sp t tf x yΩ  now being the spatial distribution of sputtered atoms created by a point 

shaped ion beam originating at the point ( , )t tx y . As a result, the parameter spg  can then be 

written as: 

 
2

1 ( , ) ( , , ) ( ( ), ( )) sp t t sp t t c cA
g j x y f x y s x y d dA

I π
= ⋅ Ω ⋅ Ω Ω Ω∫ ∫    (1.8) 
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Similarly, the erosion of the catcher surface due to reflected projectiles (yield ,c rY ) can be 

described with the parameter rg  and the reflection probability ( )rP α  of the projectile ions 

from the target: 

 ,c r r rY g P= ⋅   (1.9) 

Equivalent to spf , rf  is used to describe the distribution of the reflected ions. However, in 

contrast to considerations presented before, the absolute number of atoms sputtered from 

the catcher surface by the reflected projectiles is now of importance, which depends both 

on the energy and angular distribution ( , )rf EΩ  of the reflected projectiles. This requires 

the knowledge of the sputtering yield ( , )rY Eα  with rα  being the reflected projectiles angle 

of incidence on the catcher surface and E  their impact energy. Taking all aspects into 

account, an adaption of equation (1.8) leads to the parameter rg  for the reflected 

projectiles: 

 
0 2

1 ( , ) ( , , , ) ( , ) ( ( ), ( )) r t t r t t r c cA
g j x y f E x y Y E s x y d dEdA

I π
α

∞
= ⋅ Ω ⋅ ⋅ Ω Ω Ω∫ ∫ ∫   (1.10) 

The ratio  between the yield at the catcher ( cY ) and the yield at the target ( tarY ) can then 

be described: 

 , ,
r

c c sp c r sp sp tar r r sp sp r tar tar
tar

PY Y Y C g Y g P C g g Y g Y
Y

 
= − = ⋅ ⋅ − ⋅ = ⋅ − ⋅ ⋅ = ⋅ 

 
  (1.11) 

  r
sp sp r

tar

Pg C g g
Y

⇒ = ⋅ − ⋅   (1.12) 

    

Equ. (1.11) offers the possibility of deriving the actual sputtering yield at the target ( tarY )  

from the measured signal/yield ( cY ) at the catcher if the factor g  (equ.(1.12)) can be 

obtained otherwise e.g. from simulations (or experimental calibration). Since in our test 

setup we have an independent (direct) measurement of the target sputtering yield tarY  

available from the target–QCM, the evaluation procedure outlined above can be put to a 

stringent test.  

For simulating sputtering yields three popular Monte Carlo simulation programs are 

available (SDTrimSP, TRIDYN and SRIM) [14]. We used the SDTrimSP code (where SD stands 

for static – dynamic and SP for sequential – parallel) [9, 15], which is an extension of the 

g



 9 

codes TRIM and TRIDYN and combines the possibilities of both of them. This code describes 

the interaction of ions bombarding (amorphous) solids based on a binary-collision 

approximation and allows a wide variety of different input parameters like the used 

integration method or different interaction potentials (default interaction potential - KrC 

[16]). While the strengths of SRIM are the simulation of ion ranges, energy loss and damage 

profiles, SDTrimSP obtains a good quantitative agreement with experimental data in 

calculating the sputtering yield Y , the reflection probability of the projectile ions rP  as well 

as their respective angular distributions spf  and rf  (for a detailed comparison of the 

simulation programs showing the respective strengths and weaknesses see ref. [14]).  

Using this input from SDTrimSP together with the knowledge of the quartz´s sensitivity , 

the measured current density j   and the sticking coefficient stC  the ratio g  can then be 

calculated (“simulated ratio g ”) according to equ.(1.12) and compared to the 

experimentally measured catcher to target frequency ratio (“experimental ratio g ”).  In 

section 3 we will apply this procedure to reconstruct the target yield tarY  from the 

experimentally determined catcher signal cY  and compare the result to the directly 

measured target sputtering yield tarY . 

 

3. Proof of principle measurements 

 

To show the feasibility of determining sputtering yields by the catcher-QCM method 

outlined in section 2, proof of principle measurements with the well-known projectile-target 

combination Ar+ on Au were conducted.  For 2 keV Ar+ impact under normal incidence on a 

polycrystalline Au surface a large compilation of literature data gives a sputtering yield of 

approximately 5 ± 2 atoms/ion [17] which is consistent with our previous measurements 

using a target-QCM [6, 18]. For the kinetic energy range where we typically perform our 

sputtering measurements (< 20 keV) the dominating sputtering effect is due to nuclear 

sputtering (i.e. sputtering due to momentum transfer between projectile and target atoms 

[17]) while  electronic ([17], chapter 2) and potential sputtering [19] can be neglected. For 

oblique incidence, the sputtering yield increases by up to a factor of 1.5 for impact angles 

around 60° [1, 20]. The vast majority of sputtered Au atoms will have energies well below 10 

s
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eV with a maximum probability around 1 eV [21]. Since for self-sputtering of Au a threshold 

close to 10 eV was reported by [22, 23], self-sputtering can be safely neglected. At 1 eV 

impact energy also a sticking coefficient very close to 1 can be safely assumed for Au atoms 

on a Au surface [23, 24].  To calculate the factor g , however, only simulation results from 

the code SDTrimSP have been used for consistency. 

 

In figures 3 (a) – (c) the measured and simulated parameter g  are compared for a variety of 

different catcher positions (characterized by x∆ and d ) and ion impact angles α . Given the 

fact that there is no free fitting parameter involved in this comparison, the agreement can 

be considered to be excellent.  Figures 3 (d) – (f) compare the sputtering yield directly 

measured with the target-QCM (using equ.(1.2)) with the sputtering yield reconstructed 

from the data of the catcher QCM (using the simulated factor g ). Again both sets of data 

are in good agreement.  Figure 3 therefore also allows to select optimum parameters for 

distance d  and displacement x∆  for future measurements.  

The behavior of the ratio g  was first investigated for different angles of incidence α  on the 

target. The angular distribution of sputtered atoms shows a maximum in a cone at 45 to 60 

degrees [17], depending on the angle of incidence, which coincides with results of the 

SDTrimSP simulation. As a result, hardly any particles are able to reach the catcher at small 

angles of incidence α  (see figure 3(a)), which also results in a large uncertainty for the 

reconstructed sputtering yield (see figure 3(d)). For increasing distances d  between the 

catcher and the target the ratio g  decreases steadily (see figure 3(b)). This can be explained 

by the fact that the catcher-QCM only registers sputtered atoms from a smaller solid angle 

when it is further away from the target.  Also for small distances d  a modest deviation 

between the simulated and measured values can be observed which might be due to 

surface roughness or inhomogeneities in the ion current profile. For distances larger than 20 

mm the error bar of the reconstructed yield again increases because less and less material is 

collected (figure 3 (e)). This is also the case if the displacement x∆  between catcher and 

target becomes too large (figure 3(f)) because then more and more sputtered atoms miss 

the catcher and result in a smaller signal. The observed asymmetry in figure 3 (c) can be 

explained by the chosen angle of incidence α  of 60° for this measurement.  
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Figure 3 (2 column width, color online only): Comparison of the simulated (blue) and measured 

(red) ratio g  (a - c) and the measured ( tarY ) and reconstructed ( /tar cY Y g= ) target sputtering 

yield (d - e) for a variety of different catcher positions (characterized by x∆ and d ) and ion 

impact anglesα .  
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4. Summary and outlook 

 

A new experimental setup for the indirect determination of sputter yield has been 

presented. In this setup a QCM is placed beside the sputter target and acts as a catcher for 

sputtered material. To link the measured catcher yield to the target sputtering yield, the 

actual geometry and all relevant processes have been taken into account. Knowledge about 

the energy and angular distributions of sputtered and reflected particles comes from the 

simulation code SDTrimSP. To validate this approach proof of principle measurements with 

the projectile-target combination Ar+ on Au were performed, in which a second QCM with a 

Au layer on top acting as a target allows an independent measurement of the sputtering 

yield. Excellent agreement between both (direct and indirect) methods proves the ability of 

our new setup to provide absolute sputtering yields. 

Future sputter yield measurements in our lab will therefore no longer be limited to thin 

layer targets pre-deposited on a QCM at a particular temperature favorable for QCM 

operation [5], but allow experiments with a wide variety of targets (single crystals, 

compounds and alloys, even liquids) under a range of experimental conditions (effect of 

temperature or surface morphology) not possible so far. The erosion of wall material in 

nuclear fusion devices or space weathering effects on lunar or planetary surfaces by ions 

typical for the solar wind can now be studied on real samples instead of model systems. 

Compared to other methods used for determining sputtering yields like Rutherford 

backscattering (RBS) or a weighing technique, the new method is not limited to thin layers 

targets and can obtain the sputtering yield  in situ and in real time. However, with indirectly 

measuring the sputtering yield, knowledge of the angular distribution of the sputtered 

material is necessary to reconstruct the absolute sputtering yield.  
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